Increase in organic waste generation, dwindling nature of global oil reserves coupled with environmental challenges caused by waste oil disposal and burning of fossil fuels necessitated the need for alternative energy resources. Waste cooking oil obtained from the frying fish outlet was analyzed for its physicochemical properties using ASTM D-975 methods. Acid and Iodine values of the oil were 30.43 ± 0.32 mgKOH/g and 57.08 ± 0.43 mgI 2 /100 g respectively. Thermochemical conversion of the oil using NiO/SiO 2 at different reaction conditions (pressure, temperature, and catalyst concentration) at a residence time of 3 h yielded 33.63% hydrocarbons. Hydro-catalytic pyrolysis of waste cooking oil at 400°C, H 2 pressure of 15 bars, and catalyst to oil ratio of 0.25 g/100 cm 3 resulted in highest hydrocarbon yield (41.98%). The fuel properties of the product were:
Introduction
Reducing anthropogenic greenhouse gas (GHG) emissions globally is a key driver for the development of renewable energy sources. A key route towards achieving this is to replace conventional fossil-based fuels with renewable and low carbon energy technologies such as biofuels. Biofuels, which provides about 10% of the total global energy supplies, are the most important renewable energy source used and could play a vital role in contributing towards reducing the dependence on finite fossil fuels, and reduce GHG emission (Satyarthi et al., 2013) . Firstgeneration bioethanol and biodiesel primarily produced from cereal grain and edible vegetable oil respectively, are currently the most common form of biofuels.
Although these technologies have proven to be a promising alternative or substitutes to conventional gasoline in the transportation sector, they are yet to be sufficient to meet the growing demand for conventional fossil fuel presently consumed worldwide each year [ 1 6 _ T D $ D I F F ] (Miller, 2009; Mamedova et al., 2010) . Furthermore, there is growing ethical concerns about the use of food as fuel raw materials, which has led to global food vs fuel debate about whether to use, for instance edible vegetable oil as biodiesel feedstock or as human food (Yanyong et al., 2012 
[ 2 _ T D $ D I F F ]
). This has led researchers to work on more acceptable non-food, inedible sources containing such as waste cooking oil/fats for biodiesel production due to their high energy density (Satyarthi et al., 2013) . These oils can be used as alternative fuels in compression ignition engines after modifying the fuel structure or properties or modifying the engine ( Moreover, the conversion of these oils/fats to biodiesel via transesterification reaction has been reported to be affected by some factors such free fatty acids and moisture content of the oil/fats ([ 1 7 _ T D $ D I F F ] Zaloa, 2010; Satyarthi et al., 2013) . Similarly, ester-based biodiesel was reported to have detrimental effects like increased NOx emission, deposit formation, storage stability problems, and more rapid aging of engine oil (Aatola et al., 2008 ;[ 2 0 _ T D $ D I F F ] Wang, 2012). Waste cooking oils that are generally low in cost and collected from large food processing and service facilities represents an important feedstock for biodiesel production (Kulkarni and Dalai, 2006) . Waste cooking oil usually contains a high concentration of free fatty acids, which greatly increase the cost in the production of Fatty Acid Methyl Esther Article No~e00304 (FAME) biodiesel (Yanyong et al., 2012) . Although research findings have shown that base catalysts are highly active in the conversion of triglycerides to FAME with methanol via transesterification process [ 2 1 _ T D $ D I F F ] (Furimsky, 2003) , base catalysts have also been reported to lose their activity in the transesterification of high-acid-value waste cooking oil as they react with free fatty acids to form soap (Yanyong et al., 2012) . Transesterification is a chemical process of reacting vegetable oils with alcohol such as ethanol, methanol, or butanol in the presence of a catalyst. The catalysts used in transesterification are generally classified in two categories, acidic and alkaline [ 2 2 _ T D $ D I F F ] (Wang, 2012) .
The chemical conversion of waste cooking oils to biodiesel directly removes glycerin from the triglycerides and replaces it with the alcohol used for the conversion process (Canakci and Van Gerpen, 2001 ). This process significantly decreases the viscosity as well as maintaining the cetane number and the heating value of the fuel. A number of studies have shown that the properties of biodiesel are very similar to conventional fossil diesel (Aatola et al., 2008) . Therefore, biodiesel fuel can be used in diesel engines with little or no modification. Biodiesel has a higher cetane number than diesel fuel, no aromatics, no sulfur, and contains 10-11% oxygen by weight (Aatola et al., 2008) . These characteristics of biodiesel reduce the emissions of carbon monoxide (CO), hydrocarbon (HC) and particulate matter (PM) in the exhaust gas compared to conventional fossil based diesel (Satyarthi et al., 2013) .
However, according to Encinar et al. (2005) , transesterification reaction is affected by several parameters such as the concentration of catalyst, oil to methanol ratio, reaction temperature, moisture, presence of free fatty acids and agitation intensity.
Therefore, this paper investigated the optimal production of biodiesel from waste vegetable oil by using different reaction temperature in the presence of NiO/SiO 2 catalyst.
Methodology

Sample collection and treatment
Waste cooking oil was obtained from local fish fryers at Unguwar Rogo Area, Sokoto, Sokoto State Nigeria. The waste vegetable oil was first filtered using Wattman filter paper to remove the insoluble impurities, followed by heating at 100°C for 10 min to remove all the moisture. The oil was later stored in a 1-gallon tank (2.5L). RPM) at 50°C. Simultaneously, silica was added. The precipitate was then filtered using Whatman filter paper (11 μm) and washed with warm (80°C) distilled water [ 2 3 _ T D $ D I F F ] (Fetchin, 2017; Lok, 2017; Shakeel and Mazen, 2017) . The green filtered cake was dried in an oven at a temperature of 120°C for 3 h. At the end of the procedure, 10.5 g of the catalyst were prepared.
Thermal pyrolysis of waste cooking oil
The thermal pyrolysis of the oil was carried out by transferring sample (100 cm 3 ) of the oil sample into a batch reactor. The reactor was purged with N 2 gas for 2 min in order to have an inert environment. The reactor was then heated using a furnace to 300°C and maintained for 3 h. The reactor was then quenched in cold water. The liquid product formed was taken out and analyzed using GC-MS. The same procedure was repeated at temperatures of 350°C and 400°C, respectively.
Thermo-catalytic pyrolysis of waste cooking oil
cm
3 of the oil sample were measured and transferred into a batch reactor and 0.25 g of the catalyst was added using a catalyst holder (i.d: 3 cm; length: 40 cm).
The reactor was purged with N 2 gas for 2 min, sealed and heated to 300°C for 3 h. The reactor was then quenched in cold water and the product obtained was centrifuged, decanted, and analyzed using GC-MS. The same procedure was repeated at temperatures of 350°C and 400°C, respectively.
Hydro-pyrolysis of waste cooking oil
Hydro-pyrolysis of the oil sample was carried out by transferring 100 cm 3 of the sample into the batch reactor. The reactor was later sealed and N 2 gas was used to purge the reactor for 2 min in order to have an inert atmosphere. H 2 was introduced into the reactor until the pressure reached 15 bars. The system was sealed and then heated at 51°C/min to 300°C at which it was held for 3 h. Thereafter, the reactor was quenched in cold water. The liquid product obtained was analyzed using GC-MS. The same procedure was also repeated at temperatures of 350°C and 400°C, respectively.
Catalytic-hydro pyrolysis of waste cooking oil
The catalytic hydro pyrolysis of the oil sample was conducted by transferring 100 cm 3 of the sample into the batch reactor and then 0.25 g of the catalyst was added into the reactor through catalyst holder (i.d: 3 cm; length: 40 cm). The reactor was purged with N 2 gas for 2 min and then sealed. H 2 was introduced into the reactor until the pressure reached 15 bars. The system was sealed and then heated at 51°C/ min to 300°C for 3 h. The reactor was later quenched in cold water and allowed to Article No~e00304
cool. The product obtained was centrifuged, decanted, and analyzed using GC-MS.
The same procedure was repeated at 350°C and 400°C, respectively.
GC-MS analysis of waste cooking oil
Gas chromatographic analyses were performed at National Research Institute for Chemical Technology (NARICT) Zaria using a Shimadzu GCMS-QP 2010 that was equipped with a capillary column Petrocol TM DH 24160-U, (100 m length, 0.25 mm diameter, 0.5 μm stationary phase) using a 1:0 split ratio operating at 80°C
for 1 min at the heating rate of 10°C/min until 200°C was reached and kept at this temperature for 4 min, then heated at 10°C/min until 280°C and kept at this temperature for 5 min. A quadrupole mass (MS) detector was used with a 70 eV electron impact ions generator, operating in the range 40-450 m/z. Total ion chromatography (TIC) was obtained with a signal/noise ratio of five, and composition was reported as percent peak areas without any response factor correction. Compounds were identified using the NIST mass spectral library (Jinang et al., 2013) .
Results and discussion
Results
In this study, the characteristics of the waste cooking oil were analyzed and the correlation between biodiesel yield and reaction temperature (300°C, 350°C, and 400°C) were analyzed using alkaline transesterification. Table 1 shows the results for preliminary characteristics of the waste cooking oil used in the research. Results revealed that the oil has high acid value, which is a characteristic of waste vegetable oil from frying. (Garpen et al., 2004) . The iodine value (57.08 ± 0.43 mgI/100 g) of waste cooking oil is relatively lower than the value (71.14) reported by Sokoto et al. (2011a) . This might be due to higher oxidation reaction leading to the splitting of double bonds (Huseyn et al., 2011) . This value (57.08 ± 0.43) is an indication that the fuel to be produced will be better fuel in terms of oxidative stability, and cetane number.
Saponification value is a parameter that entails the saponifiable fatty acid content of the oil. Saponification value obtained (190 ± 1.05 mgKOH/g) is an indication that the oil contains a high amount of saponifiable fatty acids as compared to 183.66 mgKOH/g reported by Sokoto et al. (2011a) and slightly lower than 194 mgKOH/g (Zahoor et al., 2014) . This shows that the oil is of good quality in terms of fuel production because it contains a very appreciable amount of ester.
Acid value is a direct measure of the free fatty acids in the oil/fuel. The free fatty acids can lead to corrosion and may be a symptom of water in the fuel (Garpen et al., 2004) . High acid value was observed in the waste cooking oil (30.43 ± 0.32 mgKOH/g) as compared to 4.03 mgKOH/g reported by Zahoor et al. (2014) . This might be because of the time taken in contact with water during the hydrolysis process.
Kinematic viscosity is the resistance to flow of a fluid under gravity. High viscosity value of oil is the major hindrance preventing the direct use of vegetable oil and animal fats in diesel engines [ 2 4 _ T D $ D I F F ] (Yunus et al., 2011; Surachai, 2015) . According to Garpen et al. (2004) , the high viscosity of oil hinders the performance of the engine. The waste cooking oil has an appreciable viscosity of 2.35 mm 2 /s as it is within the standard range (1.9-4.1 mm 2 /s) ASTM D-975. This might be due to numerous degradation reactions it has undergone during frying. Since viscosity depends on the structural composition of the oil/fuel. Viscosity increases with the number of CH 2 moieties in the fatty ester chain (Sokoto et al., 2011a) .
Density is a measure of how much energy is in a given volume of fuel. The density of the waste cooking oil is 0.91, which conformed the value of 0.9013 reported by Zahoor et al. (2014) . This means that the waste cooking oil contains an appreciable amount of energy which can be converted to fuel. Table 2 revealed that the highest hydrocarbon yield Article No~e00304 (12.47%) was observed at 400°C, which indicates that at high temperatures, decomposition of oil to hydrocarbon is favored. This is an indication that temperature plays a vital role in the production of hydrocarbon from waste cooking oil because of the lower temperature, zero yield of hydrocarbon was recorded.
Thermal pyrolysis of waste cooking oil
However, temperature of 300°C favors C 20+ and oxygenates formation in preference to gasoline-distillate (0%). Thus, according to the results obtained, thermal decomposition of waste cooking oil for hydrocarbon production could best be achieved at 400°C compared to the range of values considered in this research (300°C and 350°C.) 
Thermo-catalytic pyrolysis of waste cooking oil
The catalyst is a substance that speeds up the rate of reaction. Catalyst is one of the factors that influence the product yield during hydrotreatment processes. Thermocatalytic decomposition was carried out in order to ascertain the suitability or otherwise of the synthesized catalyst on thermal decomposition of waste cooking oil to hydrocarbon. Results presented in Table 3 indicate that high hydrocarbon yield (33.63%) was observed at 400°C. The yield (33.63%) was higher than (13.05%) obtained from thermal decomposition at the same temperature (400°C) in the absence of a catalyst. This is an indication that the synthesized catalyst (NiO/ SiO 2 ) has an appreciable activity towards thermal decomposition of waste cooking oil to hydrocarbons. Similarly, there was also an increase in the hydrocarbon yield at 300°C (0.67%) which contrasted with (0%) yield when catalyst was not used.
However, a drastic decrease in the hydrocarbon yield was observed at 350°C (from 7.78% to 1.11%). Still, the effect of temperature follows the same trend because the low yield (0.67%) was recorded at 300°C. The highest yield of C 20+ (18.88%) was recorded at this temperature (300°C). Results presented in Table 3 shows a significant increase in the C 20+ yield. Hence, it can deduce that the activity of the synthesized catalyst (NiO/SiO 2 ) is more favorable at 400°C.
Hydrotreatment of waste cooking oil
Due to the presence of unsaturated C═C bonds and C═O bonds in the triglycerides and free fatty acids of the waste cooking oil, H 2 pressure is one of the important reaction conditions for hydrotreatment processes -Boyas et al., 2017) . From Table 4 , it shows that it is rather economical to produce hydrocarbons from both thermal and thermo-catalytic decomposition of waste cooking oil than from hydrotreatment processes. However, it favors the percentage yield of C 11-C 20 . Similarly, the trends of hydrocarbon yield conforms to thermal and thermocatalytic decomposition in which the highest yield (5.82%) was observed at 400°C, with 300°C having the least (4.08%). Thus, it can be deduced that production of hydrocarbons from waste cooking oil cannot be economically achieved using hydrotreatment.
Hydro-catalytic treatment of waste cooking oil
Results presented in Table 5 revealed that the highest percentage hydrocarbon yield (41.98%) was achieved at 400°C. This result is almost similar to the result obtained by Bambang et al. (2014) (42.76% hydrocarbon and 57.23% oxygenates) when Pd/zeolite catalyst was used at the same temperature (400°C). More so, the presence of gasoline-distillate (2-8.2 wt%) in the sample is also desirable in order to improve the fluidity of the fuel (Yanyong et al., 2012 (Yanyong et al., 2012) .
Fuel properties of the produced renewable diesel
High heating value is the amount of heat released by a specified quantity of fuel when combusted and it is used to estimate the fuel consumption. The high heat of combustion indicates lower fuel consumption (Sokoto et al., 2011a) .
A minimum of 35 MJ/kg heating value is set for biodiesel by European Standard EN 14213 and 37 MJ/kg for hydro treated oil (Elwin, 2016) respectively. From Sokoto et al. (2011a) for biodiesel and 37 MJ/kg for hydro treated oil (Elwin, 2016) . This might be due to the presence of saturation in renewable diesel as in contrast to biodiesel, which has one or more degree of unsaturation. Hence, the renewable diesels produced can give a better fuel with favorable high heating value.
Cetane number is determined in order to assess the quality of combustion, emission, and the ability of the fuel to combust when subjected to lower temperature. Moreover, the higher the cetane number, the better the ignition property as it helps to ensure good cold start properties and minimize the formation of white smoke (Sokoto et al., 2011b) . from Table 6 , the cetane number of 44.58 was observed when raw oil was heated at 400°C which is in conformity to the value obtained (44.69) when Pd/zeolite was used as a catalyst at a temperature of As shown in Table 5 , it can be seen that the operating condition at 400°C using NiO/SiO 2 and a H 2 pressure of 15 bars were the appropriate conditions to produce renewable diesel with the largest hydrocarbon content.
Article No~e00304 375°C (Bambang et al., 2014) and slightly above the minimum range (40) set by ASTM-D975.
Similarly, from Table 6 , it shows that renewable diesel obtained at C/H 2 /400°C
has an appreciable certain number of 71.16 which is higher than the values 60.01 and 53 as reported by Sokoto et al. (2011a) and Farooq et al. (2013) respectively.
In general, all the products produced have a favorable cetane number as they all fall above the minimum limit set by ASTM-D975.
Iodine value is used as an indicator of the level of saturation present in a particular Biofuelers, 2012) . It is the amount of iodine required to iodize all the double bonds in the fuel expressed in grams of iodine per 100 g. From these analyses, it is observed that the iodine value decreases with increase in temperature when other conditions (H 2 and catalyst) are kept constant.from Table 6 , Iodine value of RD (C/H 2 /400°C) (20.57 ± 0.20) is by far less than the value (52.17) reported by Huseyn et al. (2011) . This might be due to cracking and hydrogenation of unsaturated double bonds. The European standard limit of biodiesel iodine value is set to be 120 gI 2 /100 g (UNE-EN 14214, 2003) . From these analyses, it can be seen that the iodine values of renewable diesels produced (20.57-56.03) are appreciably within the standard limit.
High viscosity value is the major hindrance preventing the use of vegetable oil and animal fats directly in diesel engines [ 2 4 _ T D $ D I F F ] (Yunus et al., 2011; Surachai, 2015) . From these results (Table 6 ), lower viscosity (2.01 mm
Conclusion
Hydrotreatment of waste cooking oil to produce hydrocarbon-based diesel fuel will be a promising future technology in solving the menace of waste cooking oil disposal into the environment. It also provides an alternative route in producing a renewable diesel that is more environmentally friendly due to its stability and feedstock flexibility over ester-based biodiesel and compatibility with the petroleum distribution system and diesel engine.
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